An exciton in a symmetric semiconductor quantum dot has two possible states, one dark and one bright, split in energy by the electron-hole exchange interaction. We demonstrate that for a doubly charged exciton, there are also two states split by the electron-hole exchange, but both states are now bright. We also uncover a fine structure in the emission from the triply charged exciton. By measuring these splittings, and also those from the singly charged and doubly charged biexcitons, all on the same quantum dot, we show how the various electron-hole exchange energies can be measured without having to break the symmetry of the dot. DOI: 10.1103/PhysRevLett.90.247403 PACS numbers: 78.55.Cr, 71.70.Gm, 73.21.La, 78.67.Hc Semiconductor quantum dots (QDs) are artificial atoms whose properties can be individually measured in their solid-state environment [1] . To manipulate the charge and spin of an exciton confined to a QD, it is necessary to understand the Coulomb interactions between electrons and holes. In particular, for applications of QDs as single photon emitters, the exchange interaction between electrons and holes is crucial as this can determine the polarization and entanglement of the emitted photons [2] . For nonisotropic QDs, the degeneracy of the excitonic ground state is lifted by the electron-hole (EH) exchange interaction, resulting in two distinguishable pathways for the biexciton decay, prohibiting the biexciton as a source of entangled photons. While the EH exchange interactions in semiconductor QDs are typically less than a meV, they can be much larger in semiconductor nanocrystals [3] or polymers [4] . In all these systems, it is difficult to obtain a complete picture of the EH exchange interaction because the exciton is split into bright (m 1) and dark (m 2) states. Only the bright states can emit a photon as a consequence of the selection rule on the spin angular momentum, m. The EH exchange interaction of a QD exciton has typically been measured by breaking the symmetry, either with a strong magnetic field or with a highly anisotropic strain field, mixing the bright and dark states. From these special cases, general conclusions have been extrapolated [5] .
Semiconductor quantum dots (QDs) are artificial atoms whose properties can be individually measured in their solid-state environment [1] . To manipulate the charge and spin of an exciton confined to a QD, it is necessary to understand the Coulomb interactions between electrons and holes. In particular, for applications of QDs as single photon emitters, the exchange interaction between electrons and holes is crucial as this can determine the polarization and entanglement of the emitted photons [2] . For nonisotropic QDs, the degeneracy of the excitonic ground state is lifted by the electron-hole (EH) exchange interaction, resulting in two distinguishable pathways for the biexciton decay, prohibiting the biexciton as a source of entangled photons. While the EH exchange interactions in semiconductor QDs are typically less than a meV, they can be much larger in semiconductor nanocrystals [3] or polymers [4] . In all these systems, it is difficult to obtain a complete picture of the EH exchange interaction because the exciton is split into bright (m 1) and dark (m 2) states. Only the bright states can emit a photon as a consequence of the selection rule on the spin angular momentum, m. The EH exchange interaction of a QD exciton has typically been measured by breaking the symmetry, either with a strong magnetic field or with a highly anisotropic strain field, mixing the bright and dark states. From these special cases, general conclusions have been extrapolated [5] .
A new approach to probing the EH exchange interaction is to measure the emission from more complicated exciton complexes. Akimov et al. have shown that in the emission from the charged biexciton, the final state is split by the EH exchange interaction, the splitting measuring directly a particular EH exchange energy [6] . In this Letter we show how a complete picture of the EH exchange interaction can be gleaned, even for isotropic dots at zero magnetic field, by measuring the emission characteristics of various charged excitons. We show that for a doubly charged exciton, the EH exchange interaction splits the exciton into two states, but, unlike the case of a neutral exciton, both states are now bright. We explain how the exchange interactions between the hole ground state and the electron ground and excited states can all be determined by combining the results on the doubly and triply charged excitons with those on charged biexcitons. As we show, emission from all these excitons can be measured on the same QD.
We employ QDs embedded in a field-effect structure between a highly doped GaAs layer and a surface gate electrode that allows us to control precisely the charge of the exciton [7] . In these experiments, a hole is generated with optical excitation. Over large regions of bias voltage, the excitonic charge is constant, and there are abrupt steps in emission energy whenever an additional electron is added to the dot [8] . The dots have either an ensemble photoluminescence (PL) centered at 1.3 eV (sample A) or at 1.1 eV (sample B) depending on the growth. We have performed PL spectroscopy of individual QDs as a function of gate voltage V g at 4.2 K using a confocal microscope. The PL is excited with an 850 nm laser diode, dispersed with a grating spectrometer and detected in linear polarization with a Si charge-coupled device camera. The spectral resolution (precision) is 0.05 (0.02) meV. We can determine absolute (relative) single dot PL intensities to an accuracy of about 15% (20%). We find that the dots are close to isotropic in the x; y plane (z is the growth direction). The anisotropic EH exchange splitting, measured for the neutral exciton in a transmission experiment with a narrow linewidth laser to be 0:02 0:01 meV [9] , is much smaller than the isotropic EH exchange interaction which we determine here to be 0:6 meV. To within our experimental uncertainty in the relative intensity we find no dependence of the PL from the triply charged exciton and from the singly charged biexciton on the direction of the polarization. This is consistent with the small value of the anisotropic EH exchange relative to the isotropic EH exchange, as larger anisotropy gives rise to elliptically polarized charged biexciton emission [6] . At low laser power, for each individual dot, we can identify the neutral exciton, X 0 , the charged exciton, X 1ÿ , the doubly charged exciton, X 2ÿ , and the triply charged exciton, X 3ÿ , by the large jump in PL energy on going from X 0 to X 1ÿ , and the characteristic splittings of X 2ÿ and X 3ÿ , as shown in Fig. 1 . The X 2ÿ is split into two lines because there are two possible final states after photon emission, a triplet and a singlet, which are split by the electron-electron (EE) exchange interaction [8] . The splitting is 2X ee sp , where X ee sp is the exchange energy between an electron in the ground s state and an electron in the excited p state, as shown diagrammatically in Fig. 2 . In previous experiments, the splitting was typically 4 meV [8, 10] . By turning to sample B, we find that the splitting increases to 7 meVas a result of the stronger confinement. This enhancement enables us to resolve a new splitting: the emission into the triplet is not a single line, but a doublet. Examples are shown in Figs. 2 and 3. The X 0 and X 1ÿ emission consist of single lines to within our spectral resolution. We attribute the new splitting of the X 2ÿ to the EH exchange interaction. An elegant feature is that the X 2ÿ emission gives an immediate measure of the EE and EH exchange interactions. The EH exchange is an order of magnitude smaller than the EE exchange because, while two electrons are indistinguishable, an electron can be distinguished from a hole by the Bloch part of the wave function.
To explain the new splitting of the X 2ÿ triplet emission, we consider disk-shaped quantum dots in the x; y plane. For the electrons, we allow for the possibility that the two p states are not exactly degenerate. We label the two states p x and p y with p x having a lower energy than p y . The hole is taken to have purely heavy hole character because the light hole states are energetically distant due to strain. We assume initially that the dot wave functions do not change appreciably on occupying the states; as we shall see, the experiments allow us to examine this assumption. The exchange interaction for C 2v symmetry can be expressed by the effective spin Hamiltonian [11] :
where S z (J z ) is the z component of the total electron spin S (hole pseudospin J). J z takes values The first term in the Hamiltonian is the isotropic EH exchange and splits the neutral exciton, X 0 , into two states, one bright and one dark. The second and third terms introduce an anisotropy, splitting both bright and dark states into doublets such that the two bright states couple to photons having orthogonal linear polarization, but they do not admix the bright and dark states. This gives rise to two closely spaced lines in the X 0 absorption [9] , but they are too close together for us to resolve in the PL experiment. We do not observe any splittings arising from 1;2 with our present PL setup, implying that for our dots 1;2 and 1;2 0:05 meV, our experimental resolution. For the singly charged exciton, X 1ÿ , the electron s state is occupied with a spin up and a spin down electron such that the total spin is zero. For this reason, the EH exchange is zero. This is confirmed in the experiment: as for X 0 , we see a single, sharp line for X 1ÿ , as shown in Fig. 3 . However, for the doubly charged exciton, X 2ÿ , the EH exchange reappears because the electron 
, the EH exchange decreases (increases) the initial state energy, the splitting between the two possibilities being exactly . The important point is that both initial states are bright because in both cases the hole can find a partner for recombination in the doubly occupied electron s state. As a result the emission into the triplet state should have two closely spaced lines, exactly as in the experiment. A related result is that emission into the singlet state is not split by the EH exchange interaction. By considering the different final state wave functions for S; S z 1; 1 and S; S z 1; 0, as sketched in Fig. 2 , the fine structure lines are expected to have an intensity ratio of 2:1, assuming that the population of the initial states is equally likely. Averaging over tens of dots from sample B, we find experimentally that the intensity ratio is 2:0:8 0:4, in excellent agreement with the calculation. In general, the value of depends on the particular exciton. For X Table I .
Confirmation of this analysis comes from the triply charged exciton, X 3ÿ . For X 3ÿ , we observe, as for X 2ÿ , a splitting of the PL due to EE exchange (see Fig. 1 ). This proves that the two p electrons in the X 3ÿ ground state have parallel spins (S 1), with one electron in the p x state, the other in the p y state. (If the energy separation between p x and p y is larger than the exchange energy X ee p x p y , the p x orbital is doubly occupied such that S 0. In the case of an S 0 X 3ÿ , the PL consists of a single line between the singlet and triplet states of the X 2ÿ emission [10] .) The final states have S [8] . The X 3ÿ initial states have S z 1; 0; ÿ1, leading us to predict the existence of three equidistant lines in the emission into the triplet final state. This is exactly what we observe, as shown in Fig. 3 . Furthermore, by taking into account the configuration mixing in the final states, we predict an intensity ratio of 3:2:1 for the fine structure lines, again assuming equally likely initial state occupation. Experimentally, we measure 3:2:0 0:1:0:9 0:4, in extremely good agreement with our prediction. (We note that emission into the X 3ÿ S Table I ).
For applications involving neutral excitons, the most important parameter is the EH exchange between an s electron and an s hole. We can determine this energy by turning to charged biexcitons. For biexcitons, there is no EH exchange interaction in the initial state because the hole spin is zero. However, EH exchange can split the final states as one hole is left behind after recombination [6] . For instance, for the singly charged biexciton, 2X 1ÿ , there are two final states after photon emission, S 1 and S 0. For S 1, the S z 1 state is no longer degenerate with the S z 0 state because of the presence of the hole, leading to two closely separated lines in the emission, separated by 2X 1ÿ 1 2 X eh ss X eh p x s . The final state of the 2X 1ÿ is therefore the same as the initial state of the so-called hot trion [6, 12] . Experimentally, we can access the charged biexcitons by increasing the laser power so that a particular dot is occasionally occupied by two holes (Fig. 1) . The neutral biexciton, 2X 0 , is identified by its superlinear dependence on laser power, and also by the fact that it exists over a large range of V g , just as for X 1ÿ . (For both X 1ÿ and 2X 0 the Coulomb blockade is pronounced because an additional electron has to overcome both the Coulomb energy barrier and the quantization energy barrier.) At a particular V g , the biexciton state changes from 2X 0 to 2X 1ÿ , as revealed by the singlet-triplet splitting in the PL. Example 2X 1ÿ emission spectra are shown in Fig. 3 . Exactly as expected, the fine structure consists of two closely separated lines. A clear result is that the splitting is larger than for X 2ÿ implying that X eh ss > X eh p x s . X eh ss is typically 0.6 meV for dots in sample B (see Table I ). The doubly charged biexciton, 2X 2ÿ , shows three peaks in its fine structure, as shown in Fig. 3 . This confirms our analysis in two ways. First, this is exactly as expected from the spin Hamiltonian. Again, a 3:2:1 intensity ratio is expected from the configuration admixture; we measure 3:2:3 1:0:0:8 0:2. Second, for 2X 2ÿ , the fine structure lines are separated by an energy 2X 2ÿ Table I . For all our dots, we achieve perfect agreement. There are larger fluctuations from dot to dot in the relative intensities for the charged biexcitons than for the excitons, probably due to dot-dependent configuration mixing in the closely spaced valence states which plays a role for the biexcitons but not for the excitons.
In the short-range approximation, the EH exchange interaction is proportional to the probability that the electron and hole are located in the same unit cell [5] . From the form of the wave functions, this probability is less for a p electron and s hole than for an s electron and an s hole, giving a qualitative explanation of our result that X eh p x s < X eh ss . Quantitatively, taking two-dimensional harmonic oscillator wave functions for the electrons and holes [13] , we find that
where L e (L h ) is the confinement length for the electron (hole). This result gives reasonable agreement with the experiments using L e 5:2 nm and L h 3:5 nm [13] . The small value of X eh p y s is an unexpected result. It seems unlikely that it arises from a highly anisotropic dot shape for three reasons. First, for our dots 1;2 , strong evidence for weak anisotropy.
[For X 3ÿ the anisotropy-related terms in Eq. (1) To conclude, we demonstrate that the emission from doubly and triply charged excitons in a QD is split by the EH exchange interaction. By combining this information with that from the fine structure splittings of the singly and doubly charged biexcitons, we show how we can deduce a complete picture of the EH exchange interaction. This represents a novel method of determining the exciton fine structure in a semiconductor nanostructure without having to break the symmetry. Furthermore, we find that there are no dark states for highly charged excitons, and this could be exploited for more efficient emission from photonic materials. EH exchange effects have to be taken into account when manipulating exciton spins in QDs and also for the generation of entangled photons from biexciton decay, which remains a very promising possibility. We hope that our results stimulate new attempts to achieve this.
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